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Abstract. We report on non-simultaneous X-ray (with the
ROSAT HRI and PSPC) and radio observations (with the VLA)
of the visual binary & Gem (= Castor A+B). Each component
of this visual binary system is itself spectroscopic, with an A-
type star as primary component. In our radio maps we clearly
detect a source at the position of Castor A, but not at Castor B,
Our X-ray observations confirm the previous detection of X-ray
emission from the Castor A+B system, and indicate that Castor
A, i.e, the radio source, is also the likely site of the X-ray emis-
sion. We examine in detail the hypothesis that both the X-ray
and radio emission from Castor A come from the presumably
late-type secondary, and show that this hypothesis encounters
difficulties. If radio and X-ray emission came from the A-type
primary, a Gem A would be one of the nearest X-ray and radio
emitting A-type stars.

Key words: X-rays: stars — stars: coronae — radio continuum:
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1. Introduction

The system Castor A+B+C is a somewhat unusual multiple
system. First of all it contains three visual stars. The two
brightest stars, .., the components A and B with magnitudes
my,4 = 1.95 and m, p = 2.85 and spectral types A1V and
A5Vm form a visuval binary with a semimajor axis of 6.8”
(Heintz 1988); the actual angular separation varies between
I and 6.8” depending on orbital phase (P, ~ 467 years).
The two components constitute the bright star & Gem. An opti-
cally much fainter component Castor C, also known as YY Gem
(my,c = 9), is located 71" south of Castor A+B and forms a
proper motion pair with & Gem. The remarkable fact about this
triple system is that each of the three visual components is a
spectroscopic binary, so that the whole system consists of six
stars.
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The system Castor A has a period of 9.21 days with an ec-
centric orbit, while Castor B has a period of 2.93 days in a syn-
chronous orbit. It is sometimes claimed (cf., Burnham 1978)
that all of the four stars in Castor A and B are A-type stars,
however, we have not been able to find proof for this claim in
the literature. At any rate, for the last decades the system was
extremely difficult to study optically because of the close prox-
imity of the two components; at present their angular separation
is 3.2" as compared to 1.9” in 1969.

The system Castor C (= YY Gem) with a period of 0.814
days has been extensively studied in a variety of wavelength
bands. Since YY Gem is a spectroscopic and eclipsing binary,
stellar masses and radii could be determined; the system con-
tains two almost identical M dwarfs with masses and radii of
0.57 My and 0.62 R, respectively. From the point of view
of magnetic activity, YY Gem is interesting because the tidally
enforced rapid rotation is expected to lead to high levels of activ-
ity. Indeed, using the Einstein Observatory, Golub et al. (1983)
were able to detect X-ray emission from the Castor A+B+C sys-
tem; from the positional coincidence of the X-ray source with
YY Gem, Golub et al. (1983) argued that all of the X-ray emis-
sion from this system should come from YY Gem rather than
a Gem,

Extensive studies of YY Gem were carried out with the
EXOSAT Observatory. Somewhat surprisingly, Pallavicini et
al. (1990) detected quiescent and flaring X-ray emission not
only from YY Gem, but also from the system o Gem, which
had hitherto been believed to be X-ray dark. A reanalysis of the
Einstein Observatory data (using a more sophisticated source
detection algorithm) by Pallavicini et al. (1990) showed that
X-ray emission from a Gem was also present in the Einstein
Observatory observation at essentially the same ratio of flux
levels as present during the EXOSAT observations.

This finding is unexpected because A-type stars are com-
monly thought to be X-ray dark (cf., Schmitt et al. 1985) due
to the absence of convective outer layers which are thought
necessary to produce an efficient magnetic dynamo {and thus
solar-like coronae) as well as due to the absence of massive
radiatively driven winds, whose instability leads to shock pro-
duction with ensuing X-ray emission. While this view has been
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supported by observations with the Einstein Observatory and
has now been confirmed by deep ROSAT pointings on selected
nearby single A-type stars (Schmitt 1994), recent ROSAT ob-
servations of visual binary pairs containing an early type star
and a post T-Tauri star showed evidence for (unexpected) X-ray
emission from at least some of the early type components (cf.,
Schmitt et al. 1993). Consequently, it is essential to provide a
number of well-documented cases for X-ray emission from A-
type stars; with such a data base at hand, it will be possible
to decide whether (at least some types of) A-stars should be
considered as a class of X-ray emitters by themselves.

At microwave wavelengths we are faced with a similar sit-
uation. This is of course not unexpected, since both microwave
emission and X-ray radiation are thought to originate from mag-
netic coronal loops. While the X-ray emission comes from ther-
mal plasma and thus derives its energy from the (unknown)coro-
nal heating process(es), microwaves from active stars are usually
interpreted as radiation from a tenuous population of acceler-
ated, mildly relativistic particles; if the radiation is broad-band
and not very strongly polarized, this emission is most probably
gyrosynchrotron emission produced by electrons spiralling in
magnetic fields. Thus in active stars, both coronal heating and
particle acceleration may be by-products of the same, possibly
flare-like energy releases. Consequently, A-type stars are also
expected to be microwave-dark, and this view is supported by a
clear deficiency of microwave detections even among the near-
est candidates. An interesting exception is the class of chemi-
cally peculiar Ap stars which has been found to comprise very
luminous microwave sources (e.g., Drake et al. 1987); some of
these stars have been detected, not too surprisingly, as strong
X-ray sources as well (Cash & Snow 1982; Drake et al. 1994).
The origin of the very strong magnetic fields on these stars still
awaits theoretical explanations. Our target Castor A+B has, to
our knowledge, not been detected at microwave wavelengths
before.

As far as o Gem is concerned, its X-ray emission can be
explained by ascribing the emission to a faint optical compo-
nent which is in fact the interpretation given by Pallavicini et
al. (1990) to account for the observed X-ray emission from a
Gem. While such late-type companions can essentially never
be fully excluded (even the Sun is sometimes suspected to have
an hitherto undiscovered companion star !), a more interesting
and — from the point of view of the recent ROSAT observations
— possibly more plausible hypothesis would be to presume that
thc emission comes from one or both optical primaries; such a
scenario could then be tested by studying both X-ray and mi-
crowave emissions from o Gem and comparing them with the
well-studied behavior of late-type main-sequence stars.

With this in mind, we have carried out (non-simultancous)
observations of the Castor A+B+C system with the ROSAT HRI
and PSPC at soft X-ray wavelengths and with the Very Large
Array (VLA)' in microwaves in order to address the following

' The VLA is a facility of the National Radio Astronomy Observa-
tory, which is operated by Associated Universities, Inc., under cooper-
ative agreement with the U.S. National Science Foundation.
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questions: i) Which of the components in the Castor system are
X-ray and/or microwave sources, and can therefore be regarded
as candidate stars with active coronae? ii) How does the activity
compare with later-type stars, which have been observed and
detected both at X-ray and microwave wavelengths? iii) Is the
activity similar on Castor A+B and Castor C, given their (pre-
sumably) similar ages? In this paper we present the ROSAT and
VLA observations and discuss the implications of our measure-
ments for the origin of activity in the Castor system. In Sect. 2
we will discuss our new ROSAT HRI and PSPC observations
as well as the VLA observations of the Castor system; in Sect.
3 we present our astrometrical studies, and Sect. 4 contains a
discussion of the results and our conclusions.

2. Observations
2.1. ROSAT observations

The X-ray data reported here were obtained with the ROSAT
High Resolution Imager (HRI) between April, 18, 1992, 19:15
UT and April, 19, 1992, 00:33 UT in four individual observing
intervals of approximately 1000 seconds each; the total accepted
image time was 4073 seconds. The HRI is a microchannel plate
detector which provides high resolution imaging with the on-
axis point response being of the order ~ 5”. The spectral resolu-
tion of this device is rather modest, and essentially allows only
a discrimination between very soft X-ray spectra (in particu-
lar through UV leakage) and hard X-ray spectra; an extensive
description of the HRI detector used for this observation has
been given by David et al. (1992). We will also present obser-
vations of the Castor A+B+C system obtained with the ROSAT
position sensitive proportional counter (PSPC); these data were
obtained in the period between March 29, 1991 and April, 4,
1991. The positional resolution of the PSPC depends on the
measured pulse heights of the X-ray events; while at the softest
X-ray wavelengths the point spread functions of Castor C and
Castor A+B significantly overlap, the angular distance of = 71"
is large enough to allow a clear separation at higher pulse height
channels (see Fig. 1b).

The attitude reconstruction of ROSAT data is accomplished
through simultaneous measurements of optical stars with a star
sensor (which in fact is tilted with respect to the optical axis of
the X-ray telescope). While in principle X-ray positions can be
measured arbitrarily well (since the statistical position error de-
creases as N;hlo/tz with Nphoe denoting the number of available
source photons), one is in practice limited by systematic errors.
A comparison of the difference between optical and X-ray posi-
tions of a large sample of X-ray sources with well known optical
positions shows a boresight offset (which can be removed), in
addition to a dispersion around the mean of about 6" (Kiirster
1993); the reason for this rather large dispersion is not pre-
cisely known, but very likely caused by an incorrect correction
of pixel-to-pixel variations in the star sensor. As a consequence,
absolute ROSAT positions may be incorrect by a couple of arc-
seconds (even for data with very good counting statistics), and
the point response function in an integrated X-ray image of-
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Fig. 1a. ROSAT HRI map of the Castor system. The two sources are
YY Gem (to the South) and o Gem to the Northeast

ten does not appear symmetric but elongated. However, if one
constructs images over short time intervals, the point response
function becomes symmetric, and therefore the elongation in
the integrated image is caused by an apparent residual motion
of the X-ray source on the sky. If one is dealing with a (point)
source strong enough that the X-ray position can be reliably de-
termined with, say, a 20 second integration, this residual motion
can be corrected for ("de-speckling”).

As far as Castor A+B is concerned, it is of course next to
impossible to directly resolve the A and B components spatially,
given their angular separation of 3.1" at the time of our obser-
vations. Further, given the aspect uncertainties of our ROSAT
data, it is also not possible to infer from positional coincidence
which component is the actual X-ray emitter. However, since
YY Gem, arather strong X-ray source, is so close to & Gem, we
can determine the relative position of Castor A+B with respect
to YY Gem. This relative position should be free of all system-
atic aspect uncertainties; however, in order to obtain the best
possible relative position, the image needs to be de-speckled.
We therefore determined the apparent X-ray position (i.e., right
ascension R.A. and declination é ) for YY Gem with 20 sec-
ond integrations as a function of observing time, fitted a spline
curve through these data points, and then corrected all recorded
photons with the appropriate time-dependent correction in R.A.
and §.

The image obtained with this de-speckle procedure is shown
in Fig. 1a. Two X-ray sources are clearly seen, the strong source
in the center of Fig. lais YY Gem, the source to the Northeast is
o Gem. The ROSAT HRI is known to have some UV sensitivity.
Extrapolating the UV count rate observed from the nearby star
Vega, i.e., 0.07 cts/s, to that appropriate for Castor A+B by
scaling by the ratio of the B magnitudes of the stars, we find an

Fig. 1b. ROSAT PSPC map of the Castor system; only the pulse height
channels above 50 have been used in order to utilise the better spatial
resolution of the ROSAT PSPC at higher energies. The two strong
sources visible near the center are YY Gem (to the South) and a Gem
to the Northeast

expected UV count rate of =~ 0.004 cts/s, which is much less than
the observed count rate of 0.22 cts/s. The observed signal is thus
clearly due to X-rays, and therefore we can fully confirm the
conclusions by Pallavicini et al. (1990) on the quiescent X-ray
emission from o Gem.

As far as the total measured energy flux and by implication
the total luminosity in the measured X-ray band are concerned,
they do of course depend on the assumed incident photon spec-
trum; the lack of spectral resolution of the HRI does not allow
us to study temperatures of the emitting plasma, while a spectral
modelling of the PSPC pulse height data is complicated by the
fact that in the soft energy channels the photon events received
from o Gem and YY Gem overlap. In the higher energy chan-
nels however o Gem and YY Gem are clearly separated, and
an image of the PSPC data is shown in Fig. 1b. Therefore the
PSPC spectrum of a Gem must be quite hard and in fact simi-
lar to YY Gem. Using an energy conversion factor of 3 10~
erg/cm*/count between flux (in cgs units) and HRI count rate,
we find an X-ray luminosity of logLx ~ 29.2 in the ROSAT
band, which places the o Gem X-ray source near the top end of
the observed X-ray luminosity range for coronal sources (except
RS CVn systems and (post) T Tauri systems).

2.2. VLA observations

The radio observations described here were obtained with the
VLA on October 14 and 19, 1991, at the four wavelengths of
2 cm (14.5 GHz), 3.6 cm (8.5 GHz), 6 cm (4.9 GHz), and 20
cm (1.4 GHz) in A/B array configuration; we used the full ar-
ray for observations at one frequency at a time, and switched
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Fig. 2a. VLA 20cm map of the Castor system. The two sources shown
are YY Gem (to the South) and & Gem to the Northeast

between the four frequencies in steps of the order of ten min-
utes. The total bandwidth was 100 MHz at all frequencies. The
full data set was obtained during 7 consecutive hours on the
first date, and during 4.5 consecutive hours on the second date.
We included observations of a phase calibrator at regular inter-
vals, and obtained flux calibration by observing the calibrator
01344329 = 3C48. The wide array configuration allowed us
to obtain optimum spatial resolution; the FWHM of the beam
was approximately 0.25, 0.36, 0.65, and 1.9 arcsec at our four
observing frequencies in north-south direction and about twice
as much in east-west direction for the four wavelength bands,
respectively. All data sets were calibrated and mapped using
standard AIPS software. Field sources were cleaned and their
clean components subtracted from the data base. This was espe-
cially important on the 20 cm maps, which contained about ten
sources at fluxes above 1 mJy whose sidelobes strongly “con-
taminated” our maps. As an example we show the cleaned 20
cm VLA map obtained on October 14, 1991 (cf., Fig. 2a): note
that the scale of Fig. 2a is identical to that of Fig. 1. The two
sources visible are YY Gem (to the South) and a source near o
Gem (to the Northeast).

The cleaned images were analyzed with different statisti-
cal AIPS tasks like IMFIT, JMFIT, or IMEAN to determine
precise positions and fluxes. The first two procedures fit two-
dimensional Gaussian functions to the cleaned stellar images,
which effectively permits a determination of centroid coordi-
nates at higher precision than the nominal angular resolution in
the data. Once the stars were detected and identified on the maps,
we could thus determine their position with an accuracy at least
ten times smaller than the distance between the two components
Castor A and B. Since the absolute positions of these stars are
well known and the internal positional error in VLA positions
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Fig. 2b. Sketch illustrating the J2000 positions of our Castor observa-
tions. The contours represent the VLA 6 cm detection of October 19,
1991, with contours separated by one o, the lowest being at 3o above
background (o = 0.036 mJy). Notice that the FWHM of this stellar
image is about three times narrower than the 20 cm contour image in
Fig. 2a. We further notice that this particular 6 ¢cm detection tends to be
slightly but insignificantly (0.12") west of the averaged VLA position
which is precisely at the optical R.A. The two smaller crosses define
the optical catalog positions of Castor A (right) and B (left), the length
of the error bars giving an estimate of the uncertainty in absolute posi-
tion. The large cross defines the position of the centroid of the ROSAT
HRI observation, interpolated between the oprical positions of Castor
A and B according to the corrected position angles with respectto YY
Gem (text after Eq. 6, and Eq. 7). We have assumed that the radial
distance between Castor and YY Gem in the HRI image corresponds
to the true distance, as derived in Eq. 6a—d. The open circle to the north
of the HRI position defines the HRI centroid if this assumption were
not made, i.e. assuming the relative distance as given in Eq. 7. The de-
viation yields an estimate for the systematic errors in the HRI position
of =17, illustrated by the large error bars

is of the order of 0.1”, we can unambiguously identify any of
the three (visual) binaries in the Castor system. Furthermore,
since the measured VLA coordinates of YY Gem = Castor C
are likely to be more precise than most catalog positions, we
can obtain relative coordinates between Castor C and any of the
components in Castor A+B with an accuracy of the order of
0.1-0.2 arcsec, and determine position angles with an accuracy
of about 0.2 degrees.

The dMe binary Castor C was detected at all four frequencies
at flux levels similar to or somewhat lower than those reported in
previous observations (e.g., Gary & Linsky 1981; Gary 1985,
1986). The YY Gem system shows a somewhat peculiar mi-
crowave spectrum in the sense that the spectral index is either
positive or very close to zero up to 14 GHz. In Table 1 we sum-
marise the total fluxes as measured on our whole time maps.
Both spectra increase from 20 cm to 6 cm or 3.6 cm, and then
seem to flatten. Similar spectra of this system were presented
by Gary (1985), while the more typical dMe microwave spectra
show a spectral peak at low frequencies (~1-5 GHz), and then
fall off towards higher frequencies (e.g., Giidel 1994; Giidel &
Benz 1994).

Surprisingly, our maps showed a relatively strong mi-
crowave source at the position of the Castor A+B system as
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Table 1. Microwave fluxes measured by the VLA

frequency flux YY Gem  flux Castor A
(GHz) (mJy) (mly)
October 14, 199]:

1.4 0.43£0.039 0.6240.037
4.9 0.47+0.023 < 0.075
8.5 0.542:0.024 < 0.069
14.5 0.57+0.051 < 0.16
October 19, 199]:

1.4 0.30+£0.044 0.48+0.045
4.9 0.51+£0.038 0.191+0.036
8.5 0.41£0.034 0.13+0.032
14.5 0.47+0.067 < 0.19

well. The source was especially prominent in the 20 cm maps
on both days, but was also detected at higher frequencies. Only
one of the two binary components, Castor A, was positively
detected; we discuss the positional identification process in the
next section. Here, we briefly summarize the emission proper-
ties reported in Table 1: i) The overall flux level of Castor A is
comparable to YY Gem, though it exceeds the latter by a factor
of ~1.5 at 20 cm wavelength. ii) The microwave spectrum is
variable; on October 14, the spectrum was very steep, resulting
in a non-detection with rather low upper limits at 4.9 GHz and
above. The spectral index between 1.4 and 4.9 GHz was thus
S ~1.7. The spectrum became much flatter on October 19, so
that the star was detected both at 4.9 and 8.5 GHz despite the
lower 1.4 GHz flux level. The spectral indices were -0.74 and
-0.69 in the intervals 1.4-4.9 GHz and 4.9-8.5 GHz, respec-
tively. iii) Although very weak signals at the 3-3.5¢ level were
found at 14 GHz at the same position, we do not consider those
to be reliable detections. Such a marginal detection is especially
suspect in the case of the Oct. 14 observations, which did not
yield a positive signal in the two intermediate bands. iv) The
20 cm images were slightly polarized at the ~30% level; we
caution that some polarization can be introduced by the off-
center position of the Castor system on these maps, though the
expected level of additional polarization at the position of Castor
(radial distance from phase center ~ 4% of the primary beam
at 20 cm wavelength) is a few percent only (Cornwell 1993).

The high signal to noise ratio in the 20 cm observations
allowed us to study temporal variability. We made cleaned maps
for the seven 10 minute scans that were separated by about one
hour each, and determined fluxes using the same methods as
before. The increased noise in these maps made the application
of some of the AIPS flux determination and fitting routines less
reliable, though from a comparison of different methods, we
conclude the following: i) The 20 ¢cm flux is slowly variable on
time scales of about one hour (we were unable to identify any
variations on shorter time scales). ii) Fluxes varied between 0.3
and 1.2 mJy on Oct. 14, and between 0.3 and 0.7 mJy on Oct.
19, with a 16 rms of about 0.10-0.12 mly.

In order to study the behavior of Castor’s radio emission fur-
ther, we checked additional VLA observations that were avail-
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able to us; they were obtained in phased array mode during in-
tercontinental VLBI sessions on YY Gem, with some of these
observations being rather close in time to those reported above.
The VLBI and phased array VLA observations are described
in detail by Benz et al. (1994). We did find possible detections
of Castor A on one or two of these maps, although the rather
weak signal-to-noise ratio at best allows us to make a prelimi-
nary statement on the reality of Castor A’s long-term microwave
activity, and on the variability of this star. Some of these maps
had rather high noise rms values due to considerable interfer-
ence problems at the 18 cm observing frequency, and due to the
harrower continuum bandwidth during VLBI sessions (50 MHz
as compared to 100 MHz for the observations presented above).
The relevant observations are:

— An 18 cm observation obtained on September 26, 1991
(A/B array), with a 3.1¢ detection of 0.2441+0.078 mJy
at a position of R.A.(2000) = 7% 34™ 36.0147, 6(2000) =
31° 53’ 18.51”, with no measurable polarization. This posi-
tion closely agrees with the one for the observations reported
in this paper (see Eq. 4 below).

— An 18 cm observation obtained on September 28, 1991
(A/B array), with a possible, though not significant signal
of 0.218+0.089 mJy (= 2.5¢0) at about the same position,
R.A.(2000) = 7% 34™ 35921, ¢(2000) = 31° 53° 18.81";
the low signal-to-noise ratio and a rather elongated and
somewhat distorted stellar image make this detection am-
biguous.

- To clarify the reality of the previous two signals, we co-
added all visibilities relevant for the two observations; we
now find a source with a total flux of 0.2344-0.061 mly at
R.A.(2000) = 7 34™ 359905, 6(2000) = 31° 53’ 18.51”
(no significant polarization measured, with flux in Stokes V
S 0.162 mJy); the deviation of this 3.8¢ detection from the
clear detection of our present observations is an insignificant
0.39”. The improved signal-to-noise ratio further suggests
that weak emission at this level was present on both days at
18 cm.

— An observation at 6 cm on September 21, 1991 (A/B array),
yielded no detection, with a 3¢ upper limit of 0.14 mJy,

— An observation at 18 cm on March 15, 1990 (in A array),
resulted again in no detection, with a rough 3¢ upper limit
of 0.78 mly.

We notice that the 6 cm upper limit on Sept. 21, 1991, is in
agreement with the average of the 6 cm observations reported
for the October observations and therefore does not yield ad-
ditional constraints for variability. The 18 cm observations on
Sept. 26 and 28 suggest that the 20 cm detections in October
1991 were exceptionally high; it is conceivable that part of the
relatively high 20 cm flux and its polarization are duc to addi-
tional, superimposed coherent (flare) emission as is often ob-
served on late-type stars at this wavelength; while this would
also naturally explain the rather steep spectrum observed on Oc-
tober 14, 1991, we do not have additional evidence to further
support this assumption.
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Could the variation of the 18-20cm fluxes during
September-October 1991 be related to the orbital phase of the
eccentric Castor A binary system? Defining phase = 0 for the
center of the September 26, 1991, observation, the relative or-
bit phases for the September 28, October 14, and October 19
observations are, respectively, 0.22, 0.96, and 0.51. High fluxes
were thus observed at phase 0.51 and 0.96, while fluxes were at
a low but comparable level at phases 0 and 0.22. We therefore
do not find a solid argument in terms of a coupling with orbital

phase.

3. Astrometry

Clearly, the active M binary system YY Gem was detected with
both the ROSAT HRI and the VLA, but which one of the two
components of o Gem do we see ? We will first identify the
VLA source based on its absolute coordinates, then, with up-
dated coordinate values, calculate distances and position angles
between the system components, and finally try to identify the
X-ray source.

3.1. Castor A+B+C at optical wavelengths

We have searched the literature for orbital elements of the Castor
A+B system; we decided to use the elements given by Heintz
(1988), who also reports the total masses of the Castor A and the
Castor B system (M4 =2.1Mg, Mp = 1.6M). At the time of
our VLA observations (epoch 1991.786), we find a separation
(between A and B components) of 3.17" ata position angle of
74.65 degrees. From Fricke et al. (1988) we can determine the
equinox 2000 position of the center of gravity (c.g.):

Castor c.g. (Epoch 1991.786)

§(2000) = 31° 53’ 19.34"

(1a)
From the offsets of the A and B components with respect to
the c.g. position (using the position angle, the distance, and the
mass ratio as given by Heintz 1988) we then find

RA(2000) = 7" 34™ 36.108°

Castor A (Epoch 1991.786)

§(2000) = 31° 53’ 18.98”
(16)

RA(2000) = 7" 34™ 36.004°

Castor B (Epoch 1991.786)

RA(2000) = 7" 34™ 36.244° §(2000) = 31° 53/ 19.82".

(1c)
The relative positions of the c.g. of Castor A+B and Castor C =
YY Gem can be derived from expressions determined by Heintz
(1988)

A(o) = 18.831 —2.347T (arcsec) (2a)

A(S) = —68.429 +0.362T (arcsec), (2b)
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here T denotes the epoch in terms of centuries since the year
2000. Using these expressions and Eq. (1a), we find the coordi-
nates of YY Gem as

Castor C (Epoch 1991.786)

RA(2000) = 7" 34™ 37.602°  6(2000) = 31° 52’ 10.88"

(3

3.2. Castor A+B+C at radio wavelengths

We measured the position of the radio source near Castor A+B
on our VLA maps as

VLA source (Epoch 1991.786)

RA(2000) = 7" 34™ 36.006° §(2000) = 31° 53/ 18.84".
)
These are the averages of four observations (Table 1); relevant
for us will be the statistical scatter in right ascension, which
amounts to 0.21”". Comparing optical and radio positions un-
ambiguously identifies our VLA source with Castor A, with a
positional deviation of only 0.14" (in declination); this is com-
patible with the estimated errors in the VLA positions. For com-
pleteness, we also give the VLA coordinates of YY Gem for

Epoch 1991.786, as averaged from the 3.6 cm and 2 cm maps:

VLA Castor C (Epoch 1991.786)

RA(2000) = 7" 34™ 37.584° 6(2000) = 31° 52’ 10.98"
(5)
Evaluating now the expression (2) at the time of our observation,
we find the relative distance between the center of gravity or
Castor A or Castor B on one hand and YY Gem on the other

hand:

Teg—yYGem = 71.05”, position angle 164.47° (6a)
TA-vyGem = 71.07", position angle 163.37° 6b)
TB_yyGem = 11.07", position angle 165.92° (6¢c)

To suppress even slight systematic effects in the relative VLA
positions, we obtained position angles and distances separately
from the three better maps; the averages are

Tsource— Y'Y Gem = 70.84", position angle 163.54°  (6d)

again clearly supporting the view that the VLA source is in-
deed Castor A. Having thus identified the microwave source
near the Castor A+B system, we suggest to adopt the VLA co-
ordinates for Castor A and Castor C = YY Gem, due to their
rather small uncertainty of the order of 0.1 (better than typical
catalog positions for faint stars); this also defines a consistent
set of coordinates. Thus, we will adopt position angles that are
163.54 — 163.37 = 0.17 degrees larger than those reported in Eq.
(6a-c), i.e., we will replace those values by 164.64, 163.54, and
166.09 degrees, respectively.
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Fig. 3. Statistical uncertainty of the relative HRI position of the a« Gem
X-ray source, expressed in terms of radial distance and position angle
with respect to YY Gem; the individual points represent the result of
300 Monte Carlo simulations. The two circles represent the relative
positions of Castor B (top) and Castor A (bottom); note that the cloud
of points lies well away from the two nominal positions, indicating that
systematic errors dominate

3.3. Castor A+B+C at X-ray wavelengths

We will now use the distances and position angles derived above
to estimate which components were detected by the ROSAT
HRI. Since the VLA and ROSAT observations were taken only
six months apart, there is no need to correct the relative coordi-
nates (distance, position angles) between any two stars due to
differential proper motion (see Eq. 2, and consider orbit period
of 467 years for the A+B system). In order to avoid confusion
because of the UV contamination of the HRI (cf., Sect. 2.1), we
decided to use only the pulse height channels above channel 4
(where UV induced signals are absent) for the subsequent anal-
ysis. We ran a maximum likelihood (ML) source detection on
the "de-speckled” image and determined the image coordinates
for both X-ray sources; note that the absolute coordinates cannot
be used because of the possible systematic errors in ROSAT po-
sitions, On calculating the distance and position angle between
YY Gem and the X-ray source near a Gem, we find the nominal
values

TX —ray source—¥YGem = 71.98" position angle 164.24°,

M
In order to assess the errors in the above values (the image
derived coordinates for YY Gem and a Gem have different
errors because of the different count statistics) we performed
a Monte Carlo simulation based on the calculated ML errors
for the image coordinates. The results of these simulations are
shown in Fig. 3 as a scatter plot of relative source distance r vs.
position angle p.
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Both from Eq. (7) as well as the error distribution shown in
Fig. 3itis suggestive to interpret the X-ray source — just like the
radio source — as Castor A and not as Castor B. As is clear from
Eq. (6), the relative distances between Castor C and Castor A
and B, respectively, are virtually identical, the only difference
being in position angle; the X-ray position angle of 164.24° fits
much better to the (VLA) position angle of 163.54° of Castor
A rather than that of Castor B. On the other hand, the angular
distance of 71.98" between the two X-ray sources is 1 arcsec
too large regardless of the identification with Castor A or B,
indicating that systematic errors actually dominate the statis-
tical errors we have dealt with via Monte Carlo simulations.
The deviation in position angle between Castor A and the X-ray
source (with respect to YY Gem) is about 0.7 degrees, com-
parable with the scatter in position angle displayed in Fig. 3.
This angular deviation translates into a azimuthal deviation of
only 0.87” at Castor’s relative distance of 717; this deviation
is thus smaller than the systematic error in radial distance, in
agreement with our identification of the X-ray source with Cas-
tor A. Notice, on the other hand, that the azimuthal deviation
between the X-ray source and Castor B is, as seen from YY
Gem, approximately 1.9 degrees corresponding to an offset of
2.3” (Fig. 2b).

4. Discussion and conclusions

Our ROSAT HRI and VLA observations of the Castor A+B+C
system have clearly detected the active M dwarf binary Castor
C at the anticipated flux levels at X-ray and microwave wave-
lengths; additionally, we find a similarly strong source in both
wavelength regimes close to the Castor A+B (= o Gem) sys-
tem. Since the optical primaries of Castor A and B are both of
spectral type A and are thus expected to be neither X-ray nor
microwave-strong, this observation is of particular interest.
Using precise orbital elements for the Castor A+B system
and coordinates of the center of gravity, we have unambigu-
ously identified the microwave source near & Gem as Castor A,
while we did not detect any microwave emission from Castor B
with stringent upper limits (see Table 1 for rms figures). Using
the coordinates as determined from our VLA observations, we
attempted to identify the ROSAT HRI source based on relative
coordinates. While the X-ray data are not as unambiguous as
the radio data, we argue that the detected X-ray source is also
identical with Castor A for the following reasons: i) Using the
harder HRI channels, we find that the position angle between
the centroid positions of YY Gem and the o« Gem source is
closer to Castor A (cf., Fig. 3); the deviation from the expected
position is within the adopted systematic error as found in radial
distance ( S 17), and favorably agrees with Monte Carlo sim-
ulations of the X-ray image. Only upon using the softer energy
channels is the source centroid shifted slightly toward Castor B,
which is reasonable since we expect similar UV contamination
from both sources. ii) It appears quite unlikely to us that one of
the binary components of o Gem is a microwave-dark but an
X-ray-bright source, while the other is microwave-bright and
X-ray-dark; if this were the case, one component would have
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to be surrounded by a hot corona, while the other component
would possess no considerable hot corona but still exhibit strong
magnetic activity, presumably in the form of particle acceler-
ation to produce the observed synchrotron radio emission. iii)
The observed PSPC light curve of a Gem (cf., Fig. 4) shows no
periodicity with the 2.93 day orbital period of Castor B. While
admittedly each of our three arguments is inconclusive by itself,
we feel that the totality of our arguments provides strong sup-
port for the identification of the X-ray and microwave source
with Castor A. This conclusion appears surprising from hind-
sight, since a priori one would have argued for Castor B as the
more likely site of an active star system: With an orbital period
of 2.93 days, synchronous rotation (as suggested by the absence
of measurable orbit eccentricity), and the “later” spectral type
among the two optical sources, one has all the required ingredi-
ents, while Castor A has a longer period and is very likely not
synchronised.

As far as the relationship between X-ray and microwave
emission is concerned, we know that on the Sun particle accel-
eration and coronal heating occur as by-products of the same
magnetic energy release processes during flares; the measur-
able energy fluxes in X-rays and microwaves are correlated
(Benz & Giidel 1993). Interestingly, this correlation is about
the same as one that has been reported for “quiescent” radio and
X-ray emission from late-type stars (Giidel et al. 1993; Giidel
& Benz 1993), where radio emission is interpreted in terms
of gyrosynchrotron emission from mildly relativistic electrons
spiralling in magnetic fields. Since our 20 cm image of Castor
showed some mild circular polarization and the emission was
broad-band, the observed radio emission from Castor is with
all likelihood gyrosynchrotron emission as well. Thus using the
average 5-8.5 GHz luminosity observed for Castor A in the
microwaves (i.e., logLg =~ 13.6) and the estimated X-ray lu-
minosity (logLy =& 29.2) based on the HRI count rate, i.e.,
0.22 cts/s, we find a luminosity ratio of Ly /Lp =~ 10'>-6 Hz.
This ratio is the same that we have previously found for other,
later-type stars (cf., Giidel et al. 1993), and thus we obtain an
additional suggestion that the radio and X-ray emission indeed
originate from the same star, i.e., Castor A, while the other com-
ponent, Castor B, does not seem to support detectable coronal
activity. Of course, long-term variability remains to be investi-
gated in this regard.

Accepting now that the X-ray and microwave source has
been correctly identified with Castor A, the question arises,
given the spectroscopic binary nature of Castor A itself, which
one of the components is responsible for the observed activity ?
Clearly, our data do not allow an unambiguous conclusion on
this point. Ascribing the observed activity to a later-type star
(say, early M) as done by Pallavicini et al. (1990), implies activ-
ity levels of similar magnitude as observed for the co-eval dMe
binary Castor C, since the A-type, optical primary would then
be assumed to be X-ray and microwave dark; note that a priori,
YY Gem because of its binarity would expected to be twice as
strong. While this is of course not implausible, it must be kept in
mind that components of the Castor A system are likely to have
a (much) longer rotation period (orbital period = 9.21 days, but
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Fig. 4. ROSAT PSPC light curve of the o Gem X-ray source; only the
photons above pulse height channel 50 and within 30 arcsec from the
measured X-ray position are used in order to avoid spillover from the
nearby YY Gem X-ray source

non-zero eccentricity) than YY Gem (P = P, = 0.814 days,
enforced by tidal interaction) and therefore exhibit less activity.
Our observations are not conclusive: Both X-ray and radio (av-
eraged 5-8.5 GHz) luminosities of Castor A are indeed smaller
than YY Gem’s by a factor of 5 and a factor of 4, respectively;
further, the PSPC light curve of Castor A (cf., Fig. 4) shows
the occurrence of flares as expected for a late-type star and thus
confirms the findings of Pallavicini et al. (1990). Castor A’s mi-
crowave spectra, on the other hand, are neither similar to YY
Gem’s nor to typical microwave spectra of other dMe stars, since
they show, at least in our Oct. 14 observation, an unusually large
negative spectral index above 1.4 GHz.

Ascribing the observed activity to a late-type active compan-
ion encounters further difficulties as far as the stellar masses of
the individual components are concerned. For the Castor A sys-
tem, Heintz (1988) determined a total mass of 2.1 Mg, with a
lower limit to the companion mass of 0.2 M. With a resulting
maximum mass of 1.9M, Castor A is undermassive given its
spectral classification of A1V; for example, the well-determined
mass of Sirius A (which has the same spectral type as Castor
A)is 2.35 Mg, ! But if we have to assume a secondary near the
minimum mass (i.e., 0.2 Mg), our observed X-ray luminosity
would be larger than that observed for all other measured stars
in the corresponding My range (cf., Fleming et al. 1993). Only
M-dwarfs with masses of 0.4 - 0.6 Mg or more (corresponding
to spectral types around MO or earlier) are routinely observed to
exhibit X-ray emission levels similar to that of Castor A. Assum-
ing therefore a secondary mass exceeding the lower limit will
make the observed high level of X-ray luminosity less unusual,
but will worsen the mass discrepancy, with a companion mass
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above 0.4M resulting in an optical primary of spectral class
F, contrary to observations. We conclude that any companion
compatible with the optical spectral classification must be quite
close to the lower mass limit of 0.2 Mg , while any companion
consistent with the observed X-ray luminosity should have a
mass of at least = 0.4 M.

One way to possibly reconcile these conflicting mass esti-
mates would be to assume that the parallax for the Castor system
determined by Heintz (1988), who incidentally comments that
Castor is a difficult system to measure, is incorrect. In Kepler’s
law M, + M, = 47%a3/G P2, (G being the gravitational con-
stant) the total mass depends very sensitively on the semimajor
axis a, which is derived using measured parallaxes. In fact, if
one adopts the parallax quoted by Hoffleit (1982) or calculates
the weighted mean of 9 parallax determinations taken from the
SIMBAD database (references between 1952 and 1963), one
finds p = 0.0667" (instead of p = 0.073" as adopted by Heintz
1988). With these values one then derives a total mass of the
Castor A system of 2.75 M, which wouldin fact remove almost
all of this “missing mass” problem. However, the problem with
such an assumption is twofold: First, the value of p = 0.066” is
smaller than the parallaxes quoted by Heintz (1988) for any of
the three components of the Castor system (i.e., p=0.0713" for
Castor A, p=0.0776" for Castor B, and p = 0.0924” for Castor
C): and second, if Castor A were identical to Sirius A, we would,
based on the apparent visual magnitudes, predict a parallax of
p = 0.0786”, which is much more consistent with the paral-
lax determined by Heintz (1988). The parallax of p = 0.0667"
would, if Castor and Sirius were equally bright, yield an appar-
ent magnitude of 2.32, which appears to be inconsistent with
its observed apparent magnitude of 1.95. If anything, Castor A
appears to be of later spectral type and hence less luminous than
Sirius A.

Another less conventional way to reconcile these seemingly
conflicting findings would be to assume that in fact the X-ray
emission from Castor A does not come from its somewhat elu-
sive secondary, but from the primary A-type component. While
it is true that almost all A-type stars in the solar neighborhood
are X-ray dark (cf., Schmitt et al. 1985; Schmitt 1994; Schmitt
& Kiirster 1993), there are also examples of more distant but
apparently X-ray bright late B-type or early A-type stars (cf.,
Schmitt et al. 1993). While in such cases one can — again —
always argue that hitherto unseen low-mass companions are re-
sponsible for the X-ray emission, we wish to point out that the
measured X-ray luminosity of Castor A is in fact in the X-ray lu-
minosity range observed by Schmitt et al. (1993) in their sample
of B- and A-type stars. Clearly, ascribing the X-ray emission to
a star presumably without any convective envelope and without
any radiatively driven wind causes problems for our understand-
ing considerably more severe than the hypothesis that the X-ray
emission comes from the late-type star.

At any rate, the discussion in the preceding paragraphs
clearly shows that a redetermination of the spectral type and
mass of Castor A is in order; the angular distance between the
A and B components will grow larger during the next decades
thus making optical observations easier. As far as X-ray obser-
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vations are concerned, we expect no fundamental progress to be
made until the High Resolution Camera onboard AXAF with
its subarcsecond X-ray telescope (to be launched later in this
millenium) will be able to resolve Castor A and B, and thus un-
ambiguously locate the site of X-ray emission among the visual
components of the & Gem system, and hence verify or falsify
our conclusions.
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